e diurnal variations in summer precipitation over the Yellow River Basin (YRB) are investigated based on the National Centers for Environmental Prediction reanalysis dataset and hourly precipitation data from 481 gauge stations over the YRB during the time period 1981-2013. ree stair steps are identified to represent the upper, middle, and lower reaches of the YRB due to complex topography elevations over the different subregions of the YRB. e summer diurnal precipitation over the YRB shows significant spatial and temporal variations. e diurnal peaks in precipitation over the upper and middle reaches of the YRB occur in the evening and late afternoon, respectively. By contrast, double peaks in diurnal precipitation occur in the early morning and late afternoon over the lower reaches of the YRB. e diurnal peaks in summer precipitation along the YRB have an eastward transition, suggested to be associated with the westerlies transporting water vapor. Differing from the increasing tendency of summer hourly precipitation from west to east across the YRB with topography elevations decreased, a distinct reduction in hourly precipitation is observed over the transition region between the first and second stair steps in the YRB. Further analysis attributes this phenomenon to the regional descending airflow induced by the steep terrain along the slope of the Tibetan Plateau (TP).
Introduction
As one of the most fundamental characteristics of precipitation regime, the diurnal variations in precipitation are known to be a response to both the evolution of synoptic and climatic systems and local forcing [1] [2] [3] [4] [5] . Diurnal variations in precipitation are important in weather and climate on both local and global scales, which have strong implications for the hydrological cycle and agriculture [6] . e diurnal variations in precipitation have received much attention from meteorologists. Wallace [7] analyzed the amplitude and phase of different types of diurnal precipitation over the United States and showed a large-scale geographical consistency in these diurnal variations. Dai [8] investigated the diurnal variations in the frequency of different types of precipitation on the global scale. Hirose and Nakamura [9] referred the diurnal features in precipitation systems to their size, with small-scale systems often occurring in the early afternoon over land masses and large systems occurring in the evening. A peak in nocturnal precipitation is observed to be prominent impacted by terrains such as the Tibetan Plateau (TP) and its surrounding areas [10, 11] .
In China mainland, the diurnal variations in summer precipitation have been widely reported. Yuan et al. [12] proposed some different regimes of diurnal precipitation in summer over subtropical East Asia, with influences from large-scale mountain-valley, land-sea, and convective systems. Yu et al. [1] confirmed that summer precipitation in China shows large diurnal variations with related regional features. Two diurnal peaks in summer precipitation were observed in the area between the Yangtze River and the Yellow River, with one peak in the early morning and the other in the late afternoon. Yu et al. [13] found a close relationship between the duration of rainfall and the diurnal variations in warm season precipitation over central and eastern China. A distinct feature of summer precipitation over eastern China is the eastward phase delay in diurnal precipitation. A similar phenomenon has been observed over the U.S. Great Plains, which several researchers have attributed to the eastward propagation of convection systems from the upstream Rockies Mountains to the U.S. Great Plains [14, 15] . e local peak phase of diurnal precipitation usually propagates eastward from the eastern edge of the TP to eastern China, with one dominant diurnal precipitation peak in the mid-afternoon (with maximum solar heating), while a secondary propagating maximum, as a continuation of the signal from the TP and the Sichuan Basin, occurs at around midnight on the second day [16] . Chen et al. [17] attributed the eastward phase transition of long-duration rain along the Yangtze River to the diurnal clockwise rotation of anomalous low-level winds and advection from the TP. Jin et al. [18] suggested that the prominent eastward timing delay in the diurnal precipitation peak over the Sichuan Basin was caused by the TP and low-level winds. e eastward phase transition of diurnal precipitation in summer over eastern China is probably associated with terrains and low-level winds.
e Yellow River Basin (YRB) (33.5-41.5°N, 96-119°E), regarded as the "Mother River of China," is the second longest river in China and the fifth largest river in the world and directly feeds a population of 107 million people [19, 20] . e Yellow River crosses a number of complex terrains, rising on the TP, flowing through the Loess Plateau and North China Plain, before discharging into the Bohai Sea. Anomalous summer precipitation over the YRB causes frequent droughts and floods, resulting in the displacement of millions of residents, devastated crops, and soil erosion over large areas of land [21] . Bao et al. [16] suggested that research on the diurnal variations in summer precipitation to the east of the TP, including the middle to lower reaches of the YRB, would improve the skill of regional precipitation forecasts.
e diurnal cycle of precipitation in Shandong, in the lower reaches of the YRB, has two peaks, one in the early morning and one in the afternoon [22] . He and Zhang [6] suggested that the diurnal peaks in warm season precipitation along the middle to lower reaches of the YRB have an eastward propagation and both the mountain-plain solenoid circulation and low-level southwesterly jet are responsible for the nocturnal peak in precipitation over the North China Plain. e features of diurnal precipitation in summer over some subregions of the YRB have been recognized, while the regional differences in diurnal precipitation across the entire YRB in summer remain unclear. As a result of the complex terrains over the upper, middle, and lower reaches of the YRB, the variations of diurnal precipitation in summer over the transition areas of different subregions of the YRB require further investigation. e aim of this study was to investigate the general features of diurnal precipitation over the YRB in summer and to analyze their regional differences. e diurnal precipitation variations in the transition areas of different elevation terrains across the YRB and their possible causes were considered. is paper is organized as follows. Section 2 introduces the data and methods. Section 3.1 identifies the spatial distribution of the hourly mean precipitation in summer over the YRB and the climatological water vapor transport pathways for summer precipitation in situ. Section 3.2 explores the regional differences in summer diurnal precipitation over the YRB. e variation in the summer diurnal precipitation in the transition areas of different elevation terrains over the YRB is given in Section 3.3. Section 4 presents our discussion and conclusions.
Data and Methods

Data.
e Yellow River is about 5464 km long with a drainage area of 752,400 km 2 [23] . e YRB is located in the arid and semiarid regions of China ( Figure 1 , red box), which are strongly influenced by the East Asian summer monsoon (EASM) and modulated by westerlies in Northern Hemisphere [24] [25] [26] . Precipitation amount in the JuneJuly-August months accounts for a large portion of the total annual precipitation amounts over the YRB (Figure 1) , and then summer refers to June-July-August in this study [20, 25, 27] .
From the source to the river mouth, the YRB experiences three-section different topography elevations [28] . e first section, with an altitude >2000 m, represents the upper reaches of the YRB and the northeastern TP. e second section, with an altitude of 1000-2000 m, is defined as the middle reaches of the YRB. e third section, with altitudes <1000 m, is mainly located on the plains of northern China. Figure 2 is a topographical map of the YRB showing the locations of 481 meteorological stations and subregions. To facilitate our study and provide a brief overview of the climate of the subregion, we used three stair steps to denote the three sections of the YRB with different topographic elevations. e three stair steps represent the upper, middle, and lower reaches of the YRB.
e observational dataset used in this study consists of hourly precipitation in the time period 1981-2013 at 481 surface meteorological observation stations over the YRB obtained from the National Meteorological Information Center (NMIC) of the China Meteorological Administration (http://data.cma.cn). ere are 31, 202, and 248 rain gauge stations in areas A, B, and C of the YRB, respectively; the locations of these stations are shown in Figure 2(a) . e long-term monthly mean series of regional averaged precipitation acquired from the daily precipitation data at the same 481 stations over the YRB in summer from 1961 to 2010 provided by the NMIC were calculated to help determine the water vapor transport pathways of summer precipitation over the YRB. ese rain stations are evenly distributed over the entire YRB, except from stations over the northern TP and the border between Inner Mongolia and Mongolia. Data from these stations have undergone strictly quality control procedures by the NMIC. e quality control consists of two steps: an extreme check and a 
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consistency check.
e first step compares the real-time gauge records with the climatological extreme values (usually the maximum values of the daily precipitation series during a given month). Because the quality of the daily precipitation data is well controlled by the NMIC, all the hourly rain gauge data exceeding the monthly maximum daily precipitation in the same period are rejected. e second step is to check the temporal and spatial consistencies between candidate rain gauge records and those at the neighboring stations and times. e internal consistency is also used to identify erroneous data caused by incorrect units, reading, or data coding [1, [29] [30] [31] . All the data meet the strict quality control standards required by the Rules on Ground Surface Meteorological Observations [32] . e local solar time (LST) was used in this study.
e monthly mean wind and specific humidity fields with a horizontal resolution of 2.5°× 2.5°during the time period 1961-2010 acquired from the National Centers for Environmental Prediction (NCEP) (https://www.esrl. noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.html) were used to determine the water vapor transport pathways of summer precipitation over the YRB. e 6-hourly wind fields during the time period 2000-2014 from the NCEP Final Operational Global Analysis datasets were used to analyze the regional circulation pattern over the transition areas of different elevation terrains along the YRB. e dataset with a horizontal resolution of 1°× 1°begins in 1999 (https://rda.ucar.edu/datasets/ds083.2/).
Methodological Analysis
Calculation of the Integrated Column Water Vapor
Flux.
e YRB lies in the northern part of the EASM regime, where the water resources system is sensitive to climate change. Water vapor transport plays a vital part in precipitation over the YRB [33, 34] . Research into the relationship between water vapor transport and the diurnal variations of summer precipitation over the YRB is negligible. e zonal and meridional components of the integrated column water vapor flux are defined as follows [35] :
where x is the zonal field, y is the longitudinal field, p represents the vertical level, and t represents time. g is the acceleration due to gravity, q is the specific humidity, and u and v are the zonal and meridional winds, respectively. p s is the pressure at the sea surface, and p T is the pressure at the top of the atmosphere.
Correlation Vectors between Regional Averaged Summer Precipitation over the YRB and the Integrated Column
Water Vapor Flux. e monthly mean precipitation in summer acquired from the daily precipitation gauge data was calculated for each station and then averaged across the YRB to derive the regional mean. e correlation between the regional averaged summer precipitation over the YRB and the integrated column water vapor flux was then calculated [36] :
where R u and R v represent the correlation coefficients between the regional averaged summer precipitation and the water vapor flux in the zonal and meridional components qu and qv, respectively, x ki is regional averaged summer precipitation, n is the number of years. x k is the multiyear mean of regional averaged summer precipitation, qu l and qv l are the multiyear mean of the zonal and meridional integrated column water vapor fluxes, respectively. qu li and qv li are the zonal and meridional integrated column water vapor fluxes at the order year of i, respectively. x kstd , qu lstd , and qv lstd are the standard deviations of the regional averaged summer precipitation and the zonal and meridional water vapor fluxes, respectively. e equation of the water vapor correlation vector is shown as follows [37, 38] :
where R(x, y) is the correlation vector between the regional averaged summer precipitation and the water vapor flux. R u (x, y) and R v (x, y) are the zonal and meridional components of the correlation vector, respectively.
Results
Basic Features of Hourly Mean Precipitation over the YRB in Summer.
e hourly mean precipitation along the YRB in summer during the time period 1981-2013 was calculated (Figure 2(b) ). e hourly mean precipitation in the upper reaches of the YRB (area A) ranged from about 0.1 to 0.3 mm. In the middle reaches of the YRB (area B), the hourly precipitation varied from about 0.3 to 0.4 mm. In the lower reaches of the YRB (area C), the hourly mean precipitation increased to >0.4 mm, with a maximum of about 0.6 mm over the southeastern lower reaches of the YRB. In general, the hourly mean precipitation increased from west to east across the YRB. e hourly mean precipitation at higher elevations was less than that over the plains.
ere was a clear difference in the hourly mean precipitation between two adjacent subregions from west to east in the YRB, as demarcated by the dashed purple lines in Figure 2(b) .
Water vapor transport cannot be ignored when studying precipitation over the YRB because the basin lies in the summer monsoon regime [33, 34] . e climatological water vapor transport pathways for the Loess Plateau, located in the middle reaches of the YRB, include the northward pathway from the Indian Ocean and the EASM, and the eastward pathway via westerlies [39] . Ma et al. [40] concluded that four main climate systems covering the Indian monsoon, mid-latitude westerlies, the East Asian monsoon system, and local moisture recycling play vital roles in controlling water vapor transport to the upper reaches of the YRB. Local rainstorms over northwest China primarily derive their water vapor from westerlies [41] . e water vapor transport pathways of summer precipitation over the YRB are worthy to be explored. Figure 3 shows the correlation fields between summer precipitation over the YRB and the simultaneous column-integrated water vapor transport during the time period 1961-2010. A Lake Baikal trough accompanied by a distinct cyclonic water vapor flux vortex is located on the northern boundary of the TP, whereas the eastern boundary of the TP is associated with an anticyclonic water vapor flux vortex. Two dominant water vapor transport pathways over the YRB are closely related to westerlies and the southerly monsoon flow, respectively ( Figure 3 , green arrows). e major sources of the two water vapor transport pathways include westerlies, the tropical Indian Ocean, and the western Pacific Ocean, similar to the results of previous studies [39, 41] . is section underlies the spatial features of the hourly mean precipitation over the three stair steps of the YRB in summer and the climatological water vapor transport pathways of summer precipitation over the YRB, including the eastward pathway via westerlies and the northward monsoon flow pathway from the tropical oceans.
Regional Differences in Diurnal Precipitation over the ree Stair Steps of the YRB in Summer.
e general spatial features of the hourly mean summer precipitation over the YRB have been acknowledged. To recognize the diurnal variations in the summer precipitation in situ, Figure 4 shows the diurnal variations in the 1981-2013 mean summer precipitation averaged over the three stair steps of the YRB. e diurnal precipitation in the upper reaches of the YRB (area A) shows a distinct pattern, with the maximum precipitation amount in the evening at 2100 LST and the minimum in the afternoon at 1400 LST (Figure 4(a) ). In the middle reaches of the YRB (area B), the minimum hourly precipitation occurs at noon and the maximum in the late afternoon at 1700 LST (Figure 4(b) ). In the lower reaches of the YRB (area C), the minimum hourly precipitation also occurs at noon, but there are two peaks: one in the early morning at about 0200 or 0400 LST and the other in the late afternoon at 1800 LST (Figure 4(c) ). e regional differences in the diurnal precipitation peaks over the three stair steps in summer deserve to be quantified. We divided each day into four periods: early morning (0200-0700 LST), late morning (0800-1300 LST), late afternoon (1400-1900 LST), and evening (2000-0100 LST). Figure 5 shows the percentages of stations with diurnal precipitation peaks occurring in these different time periods over each region in summer from 1981 to 2013. A total of 73.3% of the diurnal peaks in summer precipitation appear at 2000-0100 LST in area A, confirming previous study [42] . In area B, 70.79% of the diurnal precipitation peaks occur in the period 1400-1900 LST. Figure 4 shows that double diurnal peaks occur in area C. One peak occurs at 0200-0700 LST and the other peak at 1400-1900 LST. e proportion of diurnal precipitation peaks during the later period (35.39%) is greater than that during the earlier period (33.74%). As the terrain elevation varies across the three stair steps of the YRB, the occurrence time of the diurnal precipitation maximum over the corresponding area also varies. Yu et al. [1] documented two comparable peaks of summer precipitation over central-eastern China between the Yangtze River and the Yellow River valley. Yu et al. [13] further claimed that precipitation events in the central and eastern plains of China lasting for longer than 6 hours tend to reach peak precipitation in the early morning, whereas precipitation events lasting less than 3 hours reach maximum hourly precipitation in the late afternoon. Zhuo et al. [22] reported two diurnal precipitation peaks in the early morning and afternoon over Shandong in the lower reaches of the YRB. Li et al. [43] identified two separate diurnal peaks in summer precipitation in Beijing, one in the late afternoon coming from short-duration rainfall and one in the early morning accumulated mostly by long-duration rainfall events. Wu et al. [44] suggested that summer precipitation in the YRB shows clear double diurnal peaks as the standard deviation of the subgrid topography decreases. Researches on the double peaks in diurnal precipitation suggest that the two peaks tend to occur on flat plains rather than on steep mountain ranges.
e occurrence time of the diurnal precipitation peaks shows distinct regional differences over the three stair steps of the YRB, although the detailed characteristics of the diurnal precipitation peaks from west to east in the YRB remain unknown. Figure 6 shows the spatial distribution of the most frequent hours for the summer diurnal precipitation peaks during the time period 1981-2013 at each e shaded colors represent the areas with correlations greater than the 90% confidence level. e gray area denotes the Tibetan Plateau (TP) terrain. e green box contains the entire YRB region. e black box in the bottom right-hand corner shows the South China Sea islands.
station over the three stair steps. e time of maximum diurnal precipitation is expressed by the arrow pointer on the 24 h clock. A clockwise evolution of the diurnal peak is observed from the evening in the upper reaches of the YRB, via the late afternoon over the middle reaches, and toward the early morning over the downstream reaches of the YRB (Figure 6 , red dashed line). An eastward transition in the diurnal precipitation peak is evident across the YRB. e aforementioned research in this study identified that an over every region during the summer months. e blue bars represent the diurnal peaks in precipitation occurring between 0200 and 0700 LST, the green bars represent the diurnal peaks in precipitation occurring between 0800 and 1300 LST, the red bars represent the diurnal peaks in precipitation occurring between 1400 and 1900 LST, and the purple bars represent the diurnal peaks in precipitation occurring between 2000 and 0100 LST. eastward pathway via westerlies and a northward monsoon flow pathway from the tropical oceans provided the favorable water vapor background for summer precipitation over the YRB. us, the eastward transition of diurnal peaks in summer precipitation over the YRB is probably associated with westerlies.
Variation of Summer Diurnal Precipitation in the Transitional Areas of the ree Stair
Steps over the YRB. As the terrain elevation decreases from the upper to the middlelower reaches of the YRB, the hourly precipitation increases significantly ( Figure 7) . However, the amount of precipitation suddenly decreases at about 104°E ( Figure 7 , dashed purple area labeled "A"). e same phenomenon is shown in Figure 2 (b) (red dashed box). It is interesting that this area of decreased precipitation is located at a transition between the stair steps (an elevation of about 2000 m), while the transition between the second and third stair steps at about 114°E does not show the same pattern ( Figure 7 , dashed purple area labeled "B").
To explain why the precipitation amount decreases in area A, but increases in area B, Figure 8 shows a vertical section of wind fields. At about 100-105°E, the wind fields form a vertical anticyclonic circulation under the effect of the TP. e airflow rises near 100°E and then sinks at about 105°E (Figure 8, red circle) . e transition area from the first to the second stair step is mainly controlled by the descending airflow near 104-105°E and local convection is restrained. However, the transition area from the second to the third stair step does not exhibit this circulation pattern; instead, the transition area performs relatively weak sinking airflow near 117°E (Figure 8 , blue circle). As a consequence, the steep terrain exerts a more significant impact on diurnal precipitation in the transition zone between the first and second stair steps than the transition zone between the second and third stair steps.
Discussion and Conclusions
is paper primarily focuses on the diurnal variations in summer precipitation over the three stair steps of the YRB based on 481 rain gauge stations. Our conclusions are as follows.
e hourly mean precipitation in summer shows an increasing trend from the upper to the lower reaches of the YRB with decreasing topographic elevation. Two main pathways including an eastward pathway via westerlies and a northward pathway via the southerly monsoonal flows from tropical oceans provide the favorable water vapor background for summer precipitation over the YRB.
e peaks in diurnal precipitation occur at different times over the three stair steps in the YRB. e diurnal peak in precipitation occurs in the evening over the upstream region, but primarily occurs in the late afternoon over the middle reaches of the YRB. Double peaks in diurnal precipitation occur over the downstream reaches of the YRB, with the main peak in the late afternoon and the second peak in the early morning. An eastward transition of the diurnal peaks in summer precipitation is evident across the YRB, indicating that this phenomenon may be associated with westerlies.
e hourly mean precipitation in summer increases from the western to eastern part of the YRB with the topography elevation decreased. An interesting feature is that the hourly mean precipitation experiences a distinct reduction from the first stair step to the second stair step. e regional descending airflow over the northeastern slope of Advances in Meteorologythe TP restricts convection over the transition area between the first stair step and the second stair step relative to the local circulation over the transition region between the second and third stair steps.
Wang et al. [45] reported that the mean annual precipitation is spatially heterogeneous, increasing from 368 mm in the upper reaches of the YRB to 530 mm in the middle reaches and 670 mm in the lower reaches. Our findings about the large-scale spatial distribution of the hourly mean precipitation over the YRB are similar to previously published results. Yu et al. [1] found that the zonal winds along the steep eastern slope of the TP induced diurnal variations in precipitation by triggering or suppressing deep convection. Wang et al. [46] showed that the local circulation arising from mountain-valley winds is responsible for the spatial differences in summer diurnal precipitation in Beijing. is study highlights a reduction in the hourly mean precipitation over the transition area between the first and second stair steps and attributes this distinct feature to the zonal descending airflow caused by steep terrain, which reflects the dominant effect of steep terrain on summer precipitation in the transition area of the YRB subregions.
e variation in summer diurnal precipitation in the transition area between different topographic elevations may be invoked by the local circulation arising from steep mountain-valley winds.
Previous work has shown that the diurnal cycles in summer precipitation over eastern China show an eastward time delay in phase as a result of the thermally driven mountain-plain solenoids and water vapor transports carried by the accelerated nocturnal southwesterly winds [44] .
e eastward transition of the diurnal precipitation peaks from the eastern edge of the TP to the downstream areas of the Yangtze River Valley is thought to be a result of the diurnal clockwise rotation of the accelerated nocturnal southwesterlies [16, 17] . is study emphasizes the eastward transition of diurnal precipitation peak during the summer months from the upper to the middle-lower reaches of the YRB and links the eastward propagation to the westerlies that transport water vapor for summer precipitation over the YRB.
e finding supplements previous research on the regional eastward transition of diurnal precipitation peaks. In addition to providing a favorable water vapor background for summer precipitation over the YRB, the westerlies have a crucial role in the variation in diurnal precipitation across the YRB, which may improve the parameterization in numerical weather forecasting models. is study has simply illustrated the diurnal precipitation variation across the YRB and associated it with westerlies; additional research is needed to understand the physical processes in this association.
Generally, research on the diurnal variations in summer precipitation over the YRB will improve short-term weather forecasting skills in situ, assist in the prevention of extreme hazards, help to develop a regional strategy for water resources management in the YRB, and provide insights into the links between climate change and the hydrological cycle.
e reasons for the diurnal precipitation peaks over different regions have been widely discussed. Surface solar heating could cause precipitation in the late afternoon [1] . e nocturnal precipitation peak over the eastern edge of the TP is attributed to the steep topography [42] . However, the mechanisms of the nocturnal and early morning precipitation are not limited by the terrain. Nocturnal convective systems are most vigorous after their development in the afternoon [47] . Lin et al. [48] reported that the nocturnal radiative cooling of clouds leads to a peak. e accumulation of moisture at night may also prompt nocturnal or early morning convection [49] .
is study has shown the regional features of diurnal precipitation peaks across the YRB; their mechanisms over different regions need to be explored further.
Additionally, El Niño-Southern Oscillation (ENSO) is considered to be one of the most robust external forcing in the Earth's climate system. Some published researches demonstrated that the ENSO events would influence the regional diurnal variations in summer precipitation. Roy and Balling [50] reported that the overall patterns of diurnal precipitation over the Indian subcontinent were found to be robust against interannual variations, in the form of ENSO years. Li et al. [3] claimed that the early morning diurnal peak over the South China Sea is more significant during La Niña years than during El Niño years. erefore, specific features and related mechanisms about the influences of ENSO events on the diurnal precipitation over the YRB need further investigation in the following research.
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